Abstract: Defining flood-prone areas is particularly important for policy makers, in order to design mitigation strategies and implement flood risk management planning. The present research applies a multicriteria index method to assess flood hazard areas at a river basin scale, in a geographic information system (GIS) environment. The developed methodology has been applied for an area in northeastern Greece, by processing information of seven parameters: flow accumulation, distance from the drainage network, elevation, land use, rainfall intensity and geology. The method assigns a relative importance to each of the parameters for the occurrence and magnitude of flooding, and the relevant weight values are defined through an "analytical hierarchy process". Subsequently, and according to the relative importance of each index, the spatial information is superimposed, resulting in a flood hazard map of the studied region, an area in northern Greece. The obtained results indicate flood-prone zones, with a very high flood hazard mainly occurring at the lowlands in the vicinity of the drainage network. The provided flood hazard map supports planning activities and mitigation plans that are crucial to protect both the agricultural activities and existing infrastructure from future flood events.
Introduction
Flood events affect numerous people in the world, approximately 170 million people per year [1] . They also affect crop production and infrastructure in cities and rural areas. Recent estimations show that the frequency of extreme floods is expected to increase by the year 2100 [2] . Factors influencing the genesis of floods are topography, high relief, extreme rainfall, vegetation cover, types of geological formations, hydrographic networks and human interventions [3] .
In Greece, floods are a significant natural hazard; in recent decades, a number of flood events have been recorded jeopardizing existing infrastructure, agricultural land and citizens' lives. Population growth, the development of settlements in remote areas and the general increase in built infrastructure have increased the potential impact of the flood hazard. Increasing urbanization trends puts additional pressure on the need to expand inhabited settlements and road infrastructure to areas that may be unsuitable because of high flood risk [4] . Furthermore, flood events may be accompanied by landslides, an additional hazard with potentially catastrophic impact on settlements and human lives. So far, a number of studies have focused on flood hazard mapping as a first step in order to estimate flood vulnerability [5] [6] [7] [8] .
All parts of a river basin are vulnerable to floods in different degree under different cases and situations, which make them unique. A flood hazard assessment is a useful tool for policy makers and local authorities in order to design protection measures in river basins. The main steps in flood risk management are the following [9] : flood planning mitigation measures (before flood), response measures (during flood) and recovery (after flood). Different methods and techniques have been applied, including simulation (e.g., HEC-RAS software package), index methods, statistical analysis and hybrid methods in a geographic information system (GIS) environment [10] [11] [12] . GIS is recognized as a powerful means to integrate and analyze data from different sources. Thus, flood risk mapping has been implemented for different scenarios of urban growth, simulating the consequences of alternative cases [13] . According to a report published by the Organisation for Economic Co-operation and Development (OECD) [14] , deterministic approaches are used to assess disaster impacts of a given hazard scenario, whereas nondeterministic methods are used to obtain more refined estimates of hazard frequencies and damages. Thus, nondeterministic methods consider all possible scenarios, incorporating the inherent uncertainties due to the complexity of the phenomenon analyzed, its randomness or simply knowledge limitations. The present study aims at analyzing the occurrence of flooding in a specific area; floods being hazards of particularly complex nature, a nondeterministic method, such as the one applied in the present research, is appropriate.
Flood studies mainly use GIS spatial models, including a significant-and still increasing-number of proposed methods. Chapi et al. [15] proposed a new artificial intelligence (AI) model, called bagging-LMT, which is the combination of a bagging ensemble and logistic model tree. The method was applied in Haraz watershed in northern Iran. Remote sensing techniques in conjunction with GIS have been used in flood susceptibility assessments in the region of West Bengal in India [16] . Modern methods are based on ensembles of adaptive neuro-fuzzy inference systems and metaheuristic algorithms [17] as well as genetic algorithms and differential evolution [18] . Zhao et al. [19] used a random forest (RF) model in order to map flood susceptibility areas in the mountainous part of China. It is clear that the vast number of models including different numbers of parameters might be confusing. Hence, we have focused on the application of an existing method in a different environment and on a smaller scale (river basin).
The present work deals with the definition of flood hazard areas in a river basin of Greece, using an index method in a GIS environment. This method analyzes seven parameters: flow accumulation (F), rainfall intensity (I), geology (G), land use (U), slope (S), elevation (E) and distance from the drainage network (D). The aim is to define flood hazard zones, where mitigation and protection measures should be prioritized. The developed methodology has been presented in the authors' previous work [11] , which was developed aiming to provide flood hazard assessments and mapping at a regional scale. However, an integrated flood protection plan presupposes higher discretization of hazard maps so as to be economically affordable and describable in terms of environmental processes. Therefore, we have downscaled the application of the method in a river basin where flood hazard maps are not available.
Study Area
The flood hazard was assessed in the Perdikas river basin, an area of approximately 100 km 2 located to the north of the city of Kozani. The mean slope and altitude of the basin are 26.1% and 874.5 m, respectively. The mean annual temperature and precipitation are 11.2 • C and 636.5 mm. The mountainous part of the basin is covered by crystalline rocks such as gneiss and amphibolites; neogene and quaternary deposits cover the lowlands. The main aquifer system is developed in the alluvial formations with a mean thickness of 70 m, while the natural recharge of the aquifer is attributed to direct infiltration from the precipitation, percolation from streams and lateral inflows from the fractured rock aquifer of the crystalline basement rocks. The mountainous part of the basin is covered by mixed forest, while agricultural and livestock activities take place mainly in the lowlands [20] . Figure 1 shows the geological formation of the basin and the geographic location of the studied area. 
Materials and Methods
Flood hazard areas in the Mouriki Basin have been assessed in the present study using the FIGUSED-S method. FIGUSED-S has been developed by the authors [11] and is an index-based model operating in a GIS environment. FIGUSED-S defines flood hazard areas and originally had a regional focus. It processes information of seven parameters, the initials of which create the name of the method: "FIGUSED". The parameters, described in detail in the following text, are: flow accumulation (F), rainfall intensity (I), geology (G), land use (U), slope (S), elevation (E), and distance from the drainage network (D). The morphological, meteorological, geological and hydrogeological data was collected by the authors in terms of a detailed analysis of the studied area [21] . The obtained information was subsequently verified, corrected and harmonized according to the purposes of the present exercise.
Flow Accumulation (F)
The method estimates the accumulated flow, an important criterion of flood occurrence. It does so by aggregating water flows from uphill to lower elevation at the output raster. High values of accumulated flow indicate cells in which the flowing water tends to concentrate. Such areas are more prone to the flood hazard. As indicated in Table 1 , flow accumulation values are in the range 0-212,049. Figure 2 shows the distribution of the flow accumulation index in the studied region, with the high values only occurring in the tributaries and their outflows. 
Rainfall Intensity (I)
The parameter of rainfall intensity (I) is expressed using the modified Fournier index (MFI), which is the sum of the average monthly rainfall intensity recorded by the rain-gauge stations. The spatial distribution of this criterion was found using the spline interpolation method in order to also take into account the allocation of stations in the studied area. The values of the parameter I are distinguished by five classes between MFI = 45 and MFI = 93, as shown in Table 1 . The spatial distribution of the values of rain intensity is illustrated in Figure 3 with the higher values located in the southwest part of the studied area.
Geology (G)
The parameter of geology is important for the characterization of flood hazard areas, because it can potentially influence the magnitude of flood events. While impermeable rocks favor surface runoff and increase the intensity of floods, permeable formations favor water infiltration. According to the geology, five ratings were given, with crystalline rocks being attributed the highest value. Marbles were rated with 8; lower ratings were given to neogene, terrace and alluvial deposits because of their increasing infiltration capacity (Table 1 ). Figure 4 shows the spatial distribution of the values of the parameter of geology.
Land Use (U)
The land use parameter is mainly related to the infiltration rate as a result of the existing correlation between the surface characteristics that affect (sub)surface runoff, groundwater infiltration and debris flow. Land use information was extracted from the Corine land cover dataset [22] , showing that a large part of the studied area is covered by mixed forests and agricultural areas, assigned with rates equal to 2 and 6, respectively ( Figure 5 ). Forest generally favors infiltration, while agricultural areas allow more water to flow in the form of surface or subsurface runoff. Urban and sparsely vegetated areas represent only a fraction of the studied basin. 
Slope (S)
Slope is highly correlated to both the volume and the velocity of the surface runoff, as well as the infiltration to the groundwater. Flat areas flood quicker than inclined areas where runoff flows further down. The slope map was built from the digital elevation model (DEM) of the area with a 25 × 25 m 2 cell resolution. Following the classification described in the bibliography [23] , five slope classes were defined. Figure 6 illustrates the spatial distribution of the slope, showing that the northeastern part-the highly-elevated area-is steeper. The central and eastern parts have a smaller slope mainly covered by forest. 
Elevation (E)
As water flows from higher to lower elevation, lowland areas are more prone to flooding occurrences. The elevation map was obtained from the reclassification of the DEM of the studied river basin. Table 1 shows the definitions of the five grades for the elevation, while Figure 7 illustrates their distribution. The elevation increases from the southwestern to northeastern areas from 600 to 1700 m. Thus, an increase of more than 1000 m takes place over a distance of approximately 20 km, clearly indicating the steep northeastern part of the region. Low-elevation areas are located mostly in the western part, in the south, and-partially-in the central part of the studied watershed. 
Distance from Drainage Network (D)
River overflows may also trigger a flood event, because the water overtops the river channel slopes and expands in the surroundings. As the distance increases, the hazard decreases, because areas closer to the river network are prone to this hazard. The distance from the drainage network layer was defined by applying a buffer zone tool in a GIS environment, in conjunction with the existing drainage network. Areas close to the drainage network were regarded as being those less than 200 m; the exact classification is presented in Table 1 . In an opposite manner, the effect of this criterion decreased for distances larger than 2000 m. Figure 8 illustrates the cell values of the D index, which follow the geometry of the drainage network, with the highest values being located in the western part. Naturally, additional parameters can be considered according to specific regional characteristics and data availability. This may include new parameters, for example, the evapotranspiration or derivative parameters such as the maximum annual peak precipitation, the mean annual count of heavy precipitation days and others [24] . 
Results and Discussion
The FIGUSED-S method analyzes the above hydrogeological, morphological and socioeconomic parameters and assigns a relative weight to each factor. The studied area was thus analyzed spatially, and each grid-point was evaluated for each of the seven parameters. Each grid-point was then rated on a scale between 2 and 10. The rating of the parameters in the studied location, and the corresponding area and its share are shown in Table 1 .
The acquired values have been processed in order to calculate the relative significance of each criterion and the corresponding weighting factor (w). These relative weights were determined through an analytical hierarchical process (AHP), detailed information of which is also available in [11] . The additional feature of the FIGUSED-S method over the FIGUSED method (-S in the acronym) is the validation process performed through a sensitivity analysis. Thus, the validated version of the method also incorporates this statistical characteristic as an attempt to ensure that the weights of the used parameters are representative. Performing a sensitivity analysis is highlighted in similar methods available in the literature [25] [26] [27] . A pairwise comparison was carried out for the development of the FIGUSED method, using a 7 × 7 matrix. The relevant importance among the various parameters was determined following relevant experience in the literature as well as specific suggestions provided by experts' consultation. Accordingly, the raster calculator tool of the GIS was used to overlay the rated parameters and adjust the produced weights. According to the obtained values, a flood hazard map was produced. The seven parameters influenced, with their assigned weight, the map superimposition by Equation (1):
Equation (1) above shows the weights attributed to each of the seven parameters, as a result of the AHP. It appears that the parameters elevation and distance from the drainage play the most significant role in the definition of the flood hazard. This shows that the AHP achieves the interpreting of physical phenomena that dictate that low-elevated areas near the drainage network are particularly prone to flooding. Flood accumulation and land cover use are two parameters with relevant importance in terms of the definition of the flood hazard. Rainfall intensity and the geology parameters appear to have a lesser role, according to the AHP. This is likely due to the fact that almost two-thirds of the studied area fall in the first two classes of the I parameter. Additionally, the variance of the parameter I is relatively low (between 45 and 93 mm/month). In cases in which this variance was higher [11] , the weight of the parameter I appeared to increase. Table 1 includes the share of the zones according to their risk. It appears that one-sixth of the total studied area (16.1%) faces a very high flood hazard risk, while for an additional 31.6% of the studied area, the hazard risk is high. This is equal to almost half of the studied area (47.7%) being subject to high or very high flood hazard risk. An additional 22.8% of the area is prone to a medium hazard risk, while 21.6% and 7.9% of the area are subject to low and very low flood hazard risks, respectively.
The weighted superimposition of the analyzed criteria resulted in the creation of the flood hazard map of the region. This map is illustrated in Figure 9 and shows that the zones with high/very high flood hazard risks are located in the central and northwestern part of the studied area. It is clear that the flood hazard follows the drainage network, and prone areas are those located near the rivulets. More important is the observation that seven out of the nine total inhabited small towns are located in areas of high or very high flood hazard risks. This is particularly apparent in two settlements in the northwestern part, which are "surrounded" by areas of very high risk. Accordingly, flood mitigation measures need to start from these locations, in order to support the flood resilience of the settlements.
The successful application of the FIGUSED-S method in a small river basin verifies the adaptability of the method. Additionally, this study constitutes the base for a future modification of this method, adding new parameters. Additionally, a cross-comparison of the obtained results with flood simulation scenarios can further improve the FIGUSED-S method. Finally, it is worth mentioning that the interaction between groundwater and surface water is neglected in flood hazard mapping. Although the infiltration coefficient in geological formations is considered in the FIGUSED-S method, the contribution of springs and groundwater discharge in rivers has been studied less. Flood hazard maps can be useful tools in the case that the results are adapted and proceed to measures such as land use changes and small dam establishment in torrents. Flood hazard areas are sensitive to forest changes and can dramatically change the regime of a region [28] . Storm events driven by climate change can also exacerbate flood events [29, 30] . Detailed strategies for natural hazard mitigation have been proposed by several researchers [31] . In the Mouriki Basin, the land use changes in lowlands in conjunction with small dams in the mountainous part might be the optimal solution for flood mitigation.
The present study incorporates a weighted linear combination (WLC) of the various parameters. The basic requirement of this approach is that the attribute maps are not highly correlated and are independent of each other. The combined maps illustrated in Section 3 (Figures 2-8) are not highly correlated, allowing the use of the WLC. Whether WLC is the best technique for this application or not is a question that has been the subject of considerable debate among scholars [32] . Although it is not possible to provide a straightforward answer, it is certain that, as a result of its efficacy, WLC is one of the most widely used GIS-based techniques.
The analytical hierarchy process has been widely used in the assessment of natural hazards. In the current literature, one can find modified options and hybrid approaches, such as the fuzzy AHP [33] and Monte Carlo simulation-aided AHP (MC-AHP) [34] , which have both been used in flood hazard assessment. AHP has also been integrated with a suitability assessment model to evaluate flood risks in a spatial manner [35] . In a different approach, Liu et al. [36] have recently used a naïve Bayes approach to spatially assess flood risk in their GIS-based model.
The authors intend to combine the presented index methodology with simulation models, developing a more sophisticated methodology that couples the outcome of the two models. The scale of such an analysis is the river basin scale. To date, Vu and Ranzi et al. [37] have developed the FLO-2D model and applied it in the coastal province of Quang Ngai in Vietnam so as to estimate the flood depth, duration and velocity [37] . However, in many cases, a lack of reliable data hinders the simulation processes. This issue, particularly for flood hazard assessment, has been highlighted by Kabenge et al. [38] in their recent work [38] .
Conclusions
The FIGUSED-S method was mainly developed for regional hazard assessment. Here we show an application of the method to a small hydrological basin. The majority of the study area is characterized by moderate to very high flood hazard risks; 16% of the study area is characterized by very high flood hazard risk, while a high flood hazard risk affects 32% of the lowlands. The Mouriki Basin is dominated by agricultural and livestock activities. Therefore, the provided flood hazard map can be used for flood prevention, adapting mitigation strategies and/or protection measurements.
A further step of this study was the flood simulation in order to determine the depth, duration and velocity of floods, as well as to quantify the interaction between groundwater and surface water during flood events. Coupling the obtained hydrologic information with water resources management analytical tools can allow for the designing of strategies for the optimal allocation of the water resource [39] and the minimization of the flood risk. It will also allow for the better utilization of existing infrastructure in rural, remote areas such as the irrigation dams [40] in an integrated manner.
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